In this study, we correlated array-comparative genomic hybridization-defined abnormalities with survival in two different cohorts of patients treated with therapy based on high-dose melphalan with autologous stem-cell transplantation (64 from the Mayo Clinic and 67 from the University of Arkansas Medical School) and identified that several regions of genomic gains and losses were significantly associated with poorer survival. Three noncontiguous survival relevant regions covering 1p31-33 and two noncontiguous regions covering 20p12.3-12.1 were common between the two datasets. The prognostic relevance of these hotspots was validated in an independent cohort using fluorescent in situ hybridization, which showed that 1p31-32 loss is significantly associated with shorter survival (24.5 months versus 40 months, log-rank P-value ¼ 0.01), whereas 20p12 loss has a trend toward shorter survival (26.3 months versus 40 months, log-rank P-value ¼ 0.06). On multivariate analysis, 1p31-32 loss is an independent prognostic factor. On further analysis, the prognostic impact of 1p31-32 loss is due to shortening of post-relapse survival as there is no impact on complete response rates and progression-free survival.
Introduction
Multiple myeloma is a post-germinal B-cell malignancy characterized by accumulation of clonal plasma cells in the bone marrow. 1 Despite the introduction of novel agents into the treatment armamentarium, the disease is still incurable at present. From G-banding or spectral karyotyping analysis, it is known that myeloma cells are characterized by complex genetic aberrations, suggesting underlying genomic instability. 2 Several recurrent genetic abnormalities have been identified and a number of these, including t(4;14), 17p13 deletion, 1q amplification, and hypodiploid karyotype, have been associated with shorter survival. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] However, earlier studies are hampered by some important limitations. Karyotypically defined survivalassociated genetic aberrations are limited to 30% or less of patients that produced informative karyotype. 15 In addition, the prognostic impact of karyotypic abnormalities may be due in large part to the proliferative nature of malignant cells that produce metaphases. 16 Furthermore, the resolution of G-banding is low, and some abnormalities are karyotypically invisible. Fluorescent in situ hybridization (FISH)-based assay on interphase cells allows acquisition of useful information on larger number of patients, but is hampered by its obvious limitations as a discovery tool. Therefore, its application so far is limited to detecting recurrent abnormalities earlier defined by karyotyping or molecular methods.
Array-comparative genomic hybridization (aCGH) negates many of these limitations by having significantly higher resolution, not requiring metaphase cells, and allowing detection of genome-wide copy number changes. It, therefore, lends itself as a powerful discovery tool. Indeed, several earlier unappreciated genetic abnormalities have already been discovered in MM using this type of platform. [17] [18] [19] [20] In this study, we aim to define recurrent aCGH-defined genomic aberrations that are significantly associated with shorter survival and validated these using FISH in an independent cohort of patients.
Materials and methods

aCGH and gene expression profiling datasets
A Mayo Clinic dataset and the publicly available University of Arkansas Medical School (UAMS) dataset 18 comprising 64 and 67 newly diagnosed multiple myeloma, respectively, were analyzed. The patients from Mayo Clinic were predominantly treated with dexamethasone-based induction therapy and single autologous stem-cell transplantation, whereas patients from the published dataset were treated with a stem-cell transplantation-based intensive sequential therapy called total therapy. For the Mayo Clinic dataset, aCGH hybridizations were performed using oligonucleotide CGH microarrays (Agilent Technologies, Santa Clara, CA, USA; Human Genome CGH Microarray 44B) that contained B44 000 coding and noncoding human genome probes uniquely mapped to human genome. For the UAMS dataset, aCGH hybridizations were performed using oligonucleotide expression profiling microarrays (Agilent Technologies, Human 1A v2) that contained 22 500 probes overall among which 16 097 unique map positions were defined. For the Mayo Clinic dataset, gene expression profiling was performed using the Affymetrix U133A V2 chip (data available from GEO through accession number GSE6477), whereas for the UAMS dataset, gene expression was performed using the Affymetrix U133plus 2.0 chip (data available from GEO through accession number GSE2658).
Clinical validation dataset
We studied a cohort of 127 patients at the Mayo Clinic that had been treated with melphalan-based high-dose therapy. These patients are part of a transplant cohort that had already been used in earlier publications.
14 In all cases studied, a research bone marrow sample had been obtained before high-dose therapy. All patients gave written informed consent for the collection and long-term storage of additional cells at the time of the bone marrow examination, including separate authorization for genetic studies and separate consent for review of their charts in accord with both federal regulations and Health Insurance Portability and Accountability Act guidelines. The consent was approved by the Institutional Review Board of the Mayo Clinic College of Medicine. Cytospin slides were made in all cases and the remaining sample was purified using CD138 magnetic beads when possible and stored in liquid nitrogen for future use. All patients in whom available samples were obtained were used in this analysis.
Detection of genomic aberration
For all datasets, log-ratios were treated as primary measure for copy number ratio between tumor and normal samples. To detect the regions of genomic aberration, we first constructed an artificial 'reference' chromosome of size 1000 for each sample and log-ratios of a sliding window (SW) of size 15 (B0.5 Mb Windows) (25 for the UAMS dataset) was compared with the log-ratios of an artificial reference constructed for each sample. The 'reference' chromosome was constructed by recursively accepting 10 randomly sampled log-ratios from the autosomal regions whose P-value of Wilcoxon-signed-rank test against zero was larger than 0.05 until the size reach 1000. Then an SW of size 10 were constructed from the start of each chromosome and compared with the 'reference' chromosome by the Wilcoxon-rank sum test. The comparison for gains and losses were performed separately for each SW and this comparison procedure was repeated by advancing the SW for one probe each time until it reached the end of the chromosome. The P-values and their corresponding false discovery rates (q-values) for the copy number gain or loss were calculated independently for each SW (indicated as P gain /Q gain or P loss /Q loss ) and assigned to the center position of the corresponding SW (Figure 1 ).
Detection of survival critical genomic aberrations
Survival difference was assessed between samples that have gain or loss of genomic regions as defined by the aforementioned method and those samples without using the method of Kaplan-Meier and the statistical significance was assessed by the log-rank test. The SW was identified as gained or lost if P GA o10 À4 and Q GA o10 À3 (GAA{gain, loss}). SW whose gains or losses led to poor prognosis with survival difference P-value p0.05 and happened to be X10% of all samples are considered survival critical and retained for further analysis. All calculations were performed using R system.
To detect the co-appearance of survival critical genomic aberrations (SCGAs) in different chromosomes, we performed unsupervised hierarchical clustering of a survival critical aberration matrix. For each chromosome, we first collected all SWs that were found to be survival critical and counted the number of SCGAs that each sample contained among the collected SWs. If a sample had SCGAs in more than half of all the collected SWs, it was given a þ 1 (gain) or À1 (loss) depending on the type of aberration for the chromosome. Otherwise, the sample was given a zero. The survival critical aberration matrix was constructed by collecting all the summary indicators across all chromosomes. In the hierarchical clustering, the distance between two vectors were measured by counting the number of elements that are the same, and complete linkage was used for linking two intermediate clusters.
Detection of survival critical gene expression
To prioritize genes that might be associated with poor survival, we measured the association between over-or under-expression of genes and the gain/loss of the same gene located within regions of gains/losses as detected by aCGH. This is measured for each gene within an SCGA and each sample. Specifically, we performed the Fisher's exact test for each gene using the number of cases available in a 2 Â 2 table. For the association between DNA gains and over-expression, the following categories will be reflected in the four cells: (1) over-expression on gained samples, (2) over-expression on not gained samples, (3) no over-expression on gained samples, and (4) no overexpression on not gained samples for the co-appearance of gains and over-expression. Analogous tests were performed for the coappearance of losses and under-expression of genes.
MAS5.0-transformed gene expression data were median centered to the respective dataset. To identify over-and under-expression in the expression profiles, median normalized expression values of X1.5 were considered over-expressed and those p0.7 were considered under-expressed.
Fluorescent in situ hybridization
The cytoplasmic immunoglobulin light chain fluorescent in situ hybridization (cIg-FISH) technique that combines the interphase FISH strategy with fluorescent detection of cIg was used. 21 For the detection of common chromosome abnormalities such as t(11;14)(q13;q32), t(4;14)(p16;q32), chromosome 13 deletion, 17p13 deletion, and 1q21 amplification, we used the same probes and conditions published earlier by us. 4, 14 To detect the survival critical locus detected from aCGH analysis, we used BAC RPCI11.C 960J16 whose insert contains PAK7 on 20p12 and BAC RPCI11.C 1141K22, which contains MSH4 on 1p31.1. To further ascertain the specificity of aCGH findings, we used BAC RPCI11.C 112C12, which contains PCSK2 on 20p11.2, and BAC CTD2542B21, which contains DAB1 on 1p32.2. We used CEP20 and fosmid G248P80487E4 located on 1p12 as a ploidy control.
Briefly, each BAC and fosmid was grown in selective media, and DNA was extracted and directly labeled with a SpectrumGreen or SpectrumOrange fluorophore by standard nick translation. PCR primers were designed to confirm that the insert was present and the labeled probe was then tested on normal metaphases to reaffirm localization of the probe and exclude cross-hybridization.
Statistical analysis
Descriptive statistics were used to characterize the patients. The Fisher's exact test was used to test for association between translocations and clinical characteristics for continuous variables. The Wilcoxon-rank sum test was used to test for differences between patient groups on the basis of their translocation status. The Fisher's exact test was used to test differences among levels of categorical variables among patients with FISH abnormalities. Distributions for survival and progression-free survival were estimated with the Kaplan-Meier method. Log-rank testing was used to assess differences in survival for significance. Multivariable analysis was performed by the Cox method.
Results
Prevalence of genomic aberrations
Although the resolution of the aCGH platforms used for the two datasets were different, the pattern of aberration were remarkably similar (Figure 2 ). The differences in the prevalence of aberrations on chromosome X and Y relates to the different use of control normal DNA in the two experiment protocol (control DNA from males in the Mayo dataset and control DNA from female in UAMS dataset). A number of aberrations in autosomal regions are common. Notably, gains in chromosomes 1q, 3, 5, 7, 9, 11, 15, 19, 21 , and losses in chromosomes 1p, 6q, 8, 13q, 14q, 16q are prevalent and has been reported. 18, 19, 22 The dominant gains in the odd-numbered chromosomes are due to the hyperdiploid MM subtypes, which are characterized by trisomies of chromosomes 3, 5, 7, 9, 11, 15, 19, 21.
23 ( Figure 2 ). aCGH data for each chromosomal regions are interrogated separately using the log-rank test to see whether survival difference is observed between samples that have genomic aberrations and those that do not. If statistically significant survival difference is observed (region B), expression profiles for genes in the chromosome region (g1,y.,g7) are examined to see whether statistically significant association between copy number change and expression changes (gain and over-expression or loss and under-expression) can be detected using the Fisher's exact test. Here, genes g1 and g5 show sufficient level of association and are marked*.
Identification of survival critical regions and genes
Clearly, not all the frequent aberrations are associated with poor prognosis (Figure 3 ). The number of SCGAs seems to be influenced to a certain extent by the resolution of the platform with the higher resolution Mayo Clinic dataset producing a much higher number of survival regions.
The frequent gains observed in chromosomes 3, 5, 7, 9, 11, 15 were prognostically neutral, which is consistent with the known prognosis of H-MM. 23, 24 In the UAMS dataset, gain of several regions on 1q and loss of several regions on 1p are associated with shortened survival. In addition, 19p þ , 13q-, 14q-, 18p-, and 20p-are also significantly associated with survival (Supplementary Table 1 ). For the Mayo Clinic dataset, gains of several regions on chromosome 5q, 7q, 8q, 15q, and loss of several regions on 1p, 8p, 12q, 13q, 16p, 16q, 17p, 20p, 22q are also significantly associated with survival (Supplementary Table 2 ). Only the following regions are common to the two dataset, including 1p33 gain, 1p31-32 loss, and 20p12 loss (two regions) ( Table 1) . We further assessed whether the genes contained within these common SCGAs had significantly lower mRNA expression in samples with and without the SCGAs. These are potentially the important genes deleted on these genomic regions that may impact survival (Table 1) .
When these SCGAs are clustered, distinct patterns are seen in both datasets characterized by low, intermediate, or high number of these SCGAs. In both datasets, those patients with high number of SCGAs have significantly poorer survival. Of note, chromosome 13 deletion is seen across all the clusters from low to high SCGAs in both datasets. In fact, in some, it can be the only SCGA (Figure 4 ). This is consistent with it being one of the earliest SCGAs, whereas chromosome 1 abnormalities Figure 3 Survival critical regions (SCR) from (a) Mayo dataset and (b) UAMS dataset. The log-rank test P-values for all SWs are shown with their chromosomal locations. Chromosomal locations in which the genomic aberrations led to poor survival with log-rank test P-value o0.05, corresponding q-value o0.05, and aberrations happened X10% of all samples are indicated in red. Chromosomal locations with log-rank test P-value o0.05, corresponding q-value o0.05, but aberrations happened o 10% of all samples are indicated in black.
tend to occur in the setting of the cluster with the highest number of SCGAs, suggesting that it may be a late event.
Validation of common survival critical region
We next validated several of these SCGAs using FISH in a separate dataset of 127 patients. For chromosome 1p, we used a probe against MSH4 on 1p31.1 and DAB1 on 1p32. Of the 127 patients, we had enough material for these assays in 122 patients. In these patients, the cases with loss of 1p31 overlapped with those with loss of 1p32 and so they were considered together as 1p31-32 loss. These abnormalities were detected in 19.7% of patients in our validation cohort. For 20p12.3-12.1, we used two probes targeting two genes (PAK7 and PCSK2) within this region. Material for FISH was available in 126 cases. In all cases, both genes were deleted together. The 20p12.3-12.1 loss was detected in 11.9% of patients. Loss of 1p31-32 and 20p12.3-12.1 occurred together in three patients.
The 1p31-32 loss had no significant correlation with other recurrent genetic aberrations such as 1q gain, t(4;14), t(11;14), 13 deletion, or 17p13 deletion, although the number of cases studied is small to draw any firm conclusions. On the other hand, 20p12.3-12.1 loss was significant associated with 17p13 deletion and a strong trend toward association with t(11;14) ( Table 2) .
There were no significant difference in complete response (CR) rates among patients with and without 1p31-32 loss and those with or without 20p12.3-12.1 loss. Among 24 patients with 1p31-32 loss, 7 (29%) had a complete remission whereas 31 of 98 (32%) patients without the deletion had a CR (P-value 0.8). Among the 15 patients with 20p12.3-12.1 loss, 5 (33%) achieved a CR, whereas 37 of 111 (33%) without the deletion achieved CR (P-value 1.0). Patients with either of these abnormalities remain in CR for shorter duration, with those having 1p31-32 loss remaining in CR for a median of 14.4 months compared with 32.2 months for those without, and those with 20p12.3-12.1 loss remaining in CR for a median of 19.9 months compared with 30 months for those without. However, these differences did not reach statistical significance, P-value 0.37 and 0.35, respectively, probably because of the few patients in CR (seven and five patients, respectively) with either abnormalities. Consistent with this, both 1p31-32 loss and 20p12.3-12.1 loss have no impact on progression-free survival. Progression-free survival of patients in the cohort with and without 1p31-32 loss is 12.8 months versus 16.3 months (logrank P-value 0.28), whereas those with and without 20p12.3-12.1 loss is 10.4 months versus 16.9 months (log-rank P-value 0.1).
However, on univariate analysis, 1p31-32 loss was associated with shorter survival, with a median survival of 24.5 months compared with 40 months (log-rank P ¼ 0.01), validating our findings from the aCGH analysis. The 20p12.3-121 loss, on the other hand, showed a strong trend toward shorter survival, median survival 20.6 months versus 40 months (log-rank P ¼ 0.06), again consistent with the aCGH findings, although this did not reach statistical significance ( Figure 5 ). The significantly shorter overall survival in patients with either of these genetic abnormalities is probably because of shorter postrelapse survival. Survival from relapse is significantly shorter for patients with 1p31-32 loss (12 months versus 19.3 months, log-rank P-value 0.01). Consistent with the overall survival results, survival from relapse is shorter for those with 20p12.3-12.1 loss, but this is not statistically significant (13.5 months versus 17.2 months, log-rank P-value 0.19). On multivariate analysis, including other genetic factors such as t(4;14), 1q gain, and 17p13 deletion, 1p loss remained an independent prognostic factor in addition to 17p13 loss and t(4;14) ( Table 3 ). The 1p31-32 loss retained statistical significance (P-value 0.018) even when b-2 microglobulin was inserted into the model.
Discussion
In this study, we identified and validated two genomic regions of loss, 1p31-32 and 20p12.3-12.1, that are associated with shorter survival. In particular, 1p31-32 loss is an independent prognostic factor together with t(4;14) and 17p13 deletion in an independent cohort treated by high-dose therapy.
Although 1p loss has been earlier identified as a relatively common genetic aberration in myeloma and is associated with shorter survival, these were all studies based on conventional karyotype. [25] [26] [27] A recent study in 87 patients by cIg-FISH using a 1p21 probe showed that 1p21 deletion is present in 20% of patients tested and is an independent prognostic factor. 28 In our study, using the high resolution conferred by the aCGH platform, we were able to identify several independent prognostically relevant regions in 1p31-32. This is not necessarily the minimally deleted or most commonly deleted region on chromosome 1p in MM. Our strategy did not identify 1p21, which in the aforementioned study was selected based on minimal area of deletion from an earlier studies. This further reinforces the concept that some very common regions of genetic aberration may be bystanders in the tumorigenic Prognostic significance of 1p31 loss in myeloma WJ Chng et al process, whereas others may have a more significant function in driving the process. Furthermore, not all lesions with an important functional role in tumor biology will be important for prognosis. For example, lesions that establish the malignant clone or lead to expansion may be prognostically neutral, whereas those that lead to aggressive characteristics such as proliferation or drug resistance may be more important for survival. From our analysis, it seems that there is an additive effect of the presence of survival relevant genomic aberration with tumors that have more of them having shorter survival. It is attractive to speculate that the genes, pathways, and functions affected by the individual aberrations may have synergistic effect to the advantage of the tumor cells while detrimental to the host.
The 1p31-32 loss is not associated with any known important genetic aberrations in MM such as t(4;14), 1q gain, 13 deletion, or 17p13 deletion, and it has independent prognostic impact on overall survival, but not progression-free survival. This was mainly because of significantly shorter response duration and post-relapse survival. This may suggest relatively shorter survival with salvage treatment. However, information regarding salvage therapies for only a small proportion of the Mayo cohort was known. Therefore, a significant difference in the type of salvage treatment between those with and without 1p31-32 loss cannot be excluded as the main reason for this difference in postrelapse survival, although this is less likely because the prognostic relevance of 1p31-32 loss is consistently observed in three independent cohorts. On the other hand, our earlier study on 1q21 gain shows an association with high-risk genetic factors, such as t (4;14), 4 and on multivariate analysis, loses its prognostic significance. We also identified another locus on 20p that has a strong trend toward an association with shorter survival. However, it is strongly associated with 17p13 deletion, which may account for most of its prognostic impact.
In an attempt to identify critical genes located on these survival relevant loci, which may be integrally involved in mediating the short survival, we examined gene expression data in the same tumors from which the aCGH data was derived. In particular, we wanted to identify genes within these loci that had significantly reduced gene expression in those tumors with deletion of the loci. The assumption was that these genes will be more specifically targeted by the genetic aberrations and not involved in other process or pathways that may be activated by other mechanisms that may be important for survival. Therefore, our strategy is not unexpected to identify genes that may be deregulated by other mechanism in addition to DNA copy changes. This is also consistent with the fact that we did not identify CDKN2C (p18), which is located on 1p32 and has been implicated to have a function in disease pathogenesis 29, 30 and whose gene expression has also been shown to correlate with survival. 30 However, it is also clear from these studies that there is poor correlation between CDKN2C expression and genomic loss of CDKN2C, 29, 30 suggesting that the p18 pathways may be affected by a number of mechanisms. Another example is that the genes we identified in the 1p31-32 locus did not contain the genes located on 1p that were part of a 70-gene high-risk signature developed by the University of Arkansas group. 31 The 70-gene signature was enriched with genes located on chromosome 1p and 1q, but it is likely that the high-risk signature is a composite of the prognostic impact of 1q gain, 1p loss, and proliferation. Indeed, many of the genes in the 70-gene are involve in the cell cycle and used in proliferation signatures in other malignancies. Furthermore, these genes were not concentrated on certain regions of 1p. This highlights again that the genes on 1p that form part of the high-risk gene signatures maybe deregulated by trans-mechanisms and hence will not be identified by our strategy. This is also consistent with our earlier finding that over-expression of CSK1B has different Figure 5 Validation of these two SCR using FISH from for MSH4 (1p31.1) and PAK7 (20p12.3-12.1). In the Mayo bone marrow transplant (BMT) cohort, (a) patients with PAK7 deletion on 20p12.3-12.1 has a trend toward shorter survival (20.6 months versus 40 months, log-rank P-value ¼ 0.06), whereas those with (b) MSH4 deletion on 1p31.1 have a significantly shorter survival (24.5 months versus 40 months, log-rank P-value ¼ 0.01). prognostic impact compared with gain of 1q21 that contain the CKS1B locus. 4 Of the potentially important genes with correlated reduced expression on 1p31-32, DAB1 has been recently implicated as a potential tumor suppressor gene on a large genomic region that is a fragile site commonly deleted in cancers. 32 MSH4 is a member of the MutH homolog family that has been implicated in DNA instability in cancer, as it is involved in DNA repair. 33 On 20p12.3-12.1, PLCB1 deletion has been implicated in progression from myelodysplastic syndrome to acute myeloid leukemia. 34 There are other genes such as RABGGTB on 1p31 and JAG1 on 20p12.1, which have increased expression in diffuse large B-cell lymphoma and acute myeloid leukemia, respectively. 35, 36 In fact, JAG1 over-expression is associated with poorer prognosis in breast cancer. 37 However, these genes are unlikely to be relevant in our setting, as these genetic loci are deleted and the genes under-expressed. The exact function that these candidates have in myeloma biology will have to be further investigated and these works are currently ongoing.
One limitation of our study is the resolution of the platforms used. Higher resolution platforms are currently available. Despite this, the potential of using an unbiased whole genome platform, such as aCGH, to identify prognostically relevant genomic aberrations was shown. It is likely that with larger datasets and higher resolution platform, smaller regions or additional regions associated with survival may be identified. However, this still does not detract from the validity of this study.
Another important caveat is the relatively small number of patients in these cohorts. However, our study highlights the potential prognostic relevance of 1p loss, which should be systematically studied by FISH in the context of large clinical trials to confirm its prognostic relevance, especially in relation to better established genetic-risk factors such as t(4;14), t(14;16), 17p13 deletion, and even 1q21 gain.
In conclusion, we identified and independently validated novel and focal regions of genomic losses that are associated with poorer survival in myeloma. In addition, we identified genes within these regions that may be important in mediating the poor outcome. It is likely that different genomic information, DNA gains or loss, gene expression profiles, epigenetic changes such as miRNA expression and DNA methylation, and even clinical prognostic factors will provide relevant prognostic impact and integration of these factors into multivariate models will provide the most powerful prognostic system.
